and Mitsuo Matsuda. Exercise causes a tissue-specific change of NO production in the kidney and lung. J Appl Physiol 94: 60-68, 2003. First published September 20, 2002 10.1152/japplphysiol.00269.2002 is produced in the vascular endothelium and is a potent vasodilator substance that participates in the regulation of local vascular tone. Exercise causes peculiar changes in systemic and regional blood flow, i.e., an increase of systemic blood flow and a redistribution of local tissue blood flow, by which the blood flow is greatly increased in the working muscles, whereas it is decreased in some organs such as the kidney and intestine. Thus we hypothesized that exercise causes a tissue-specific change of NO production in some internal organs. We studied whether exercise affects expression of NO synthase (NOS) mRNA and protein, NOS activity, and tissue level of nitrite/nitrate (stable end products of NO) in the kidneys (in which blood flow during exercise is decreased) and lungs (in which blood flow during exercise is increased with the increase of cardiac output) of rat. Rats ran on a treadmill for 45 min at a speed of 25 m/min. Immediately after this exercise, kidneys and lungs were quickly removed. Control rats remained at rest during this 45-min period. Expression of endothelial NOS (eNOS) mRNA in the kidneys was markedly lower in exercise rats than in control rats, whereas that in the lungs was significantly higher in exercise rats than in control rats. Western blot analysis confirmed down-and upregulation of eNOS protein in the kidney and lung, respectively, after exercise. On the other hand, neither expression of neuronal NOS (nNOS) mRNA and nNOS protein nor inducible NOS (iNOS) mRNA and iNOS protein in the kidneys and lungs differed between exercise and control rats. NOS activity in the kidney was significantly lower in exercise rats than in control rats, whereas that in the lung was significantly higher in exercise rats than in control rats. On the other hand, the iNOS activity in the kidneys and lungs did not differ between exercise rats and control rats. Tissue nitrite/nitrate level in the kidneys was markedly lower in exercise rats, whereas that in the lungs was significantly higher in exercise rats. The present results show that production of NO is markedly and tissue-specifically changed in the kidney and lung by exercise. treadmill running; nitric oxide synthase mRNA; tissue nitrite/nitrate level; nitric oxide synthase activity; redistribution of blood flow IT IS WELL KNOWN THAT NITRIC OXIDE (NO) is produced in the vascular endothelial cells and shows a potent vasodilator effect (29, 35) . NO is produced from L-arginine by the action of NO synthase (NOS) in the vascular endothelium (34, 36) . There are at least three isozymes of NOS consisting of endothelial NOS (eNOS), neuronal NOS (nNOS), and inducible NOS (iNOS) (14) . NO is produced under normal physiological conditions by the vascular endothelium lining all blood vessels. Furthermore, mechanical interactions (e.g., increased shear stress) between blood flow and the vascular endothelium can evoke the changes of production of NO in isolated blood vessels and in cultured endothelial cells (3, 18, 27, 40) .
treadmill running; nitric oxide synthase mRNA; tissue nitrite/nitrate level; nitric oxide synthase activity; redistribution of blood flow IT IS WELL KNOWN THAT NITRIC OXIDE (NO) is produced in the vascular endothelial cells and shows a potent vasodilator effect (29, 35) . NO is produced from L-arginine by the action of NO synthase (NOS) in the vascular endothelium (34, 36) . There are at least three isozymes of NOS consisting of endothelial NOS (eNOS), neuronal NOS (nNOS), and inducible NOS (iNOS) (14) . NO is produced under normal physiological conditions by the vascular endothelium lining all blood vessels. Furthermore, mechanical interactions (e.g., increased shear stress) between blood flow and the vascular endothelium can evoke the changes of production of NO in isolated blood vessels and in cultured endothelial cells (3, 18, 27, 40) . Exercise causes an increase in systemic blood flow and marked changes of tissue blood flow, in which the blood flow is greatly increased in the working muscles, whereas it is decreased in some internal organs, such as the kidney and intestine (1, 5, 6, 19, 20, 22, 30, 31, 33, 47) . It has been demonstrated that NO-mediated vasodilation contributes to the blood flow responses in working muscles during exercise (9) . This finding suggests that the production of NO is increased in the circulation of working muscles by exercise. However, it is not known whether exercise affects the production of NO in internal organs such as the kidney and lung.
Exercise results in a significant redistribution of tissue blood flow, in which the blood flow is greatly increased in the working muscles, whereas it is decreased in the splanchnic circulation (such as in the kidneys and intestines) (1, 5, 6, 19, 20, 22, 30, 31, 33, 47) . Although it has been considered that the exerciseinduced redistribution of blood flow is partly caused by the increased activity of the sympathetic nerve system (2) and multiple local metabolic factors (21) , the precise mechanisms are not known. We previously reported that endothelin (ET)-1, endothelium-derived vasoconstrictor substance, is involved in the exercise-induced changes in the distribution of blood flow by a tissuespecific enhancement of ET-1 production (24, 26) . Although this finding suggests that vascular endothelial cells are involved in the exercise-induced redistribution of blood flow by enhancing the production of the endothelium-derived vasoconstrictor ET-1, the roles of endothelium-derived relaxing factors, such as NO, in exercise-induced physiological responses remain to be investigated.
It has been demonstrated that endogenously generated NO contributes to vascular tonus in working muscles during exercise (9) . However, it is unclear how exercise affects the production of NO in internal organs. To answer this question, the present study was designed to investigate whether exercise affects expression of NOS mRNA and protein, NOS activity, and tissue level of nitrite/nitrate (NOx; i.e., levels of NOx measured as stable end products of NO) in the internal organs, such as the kidney and lung. Exercise results in a marked decrease in renal blood flow (6, 19, 20, 22, 45) , whereas it increases cardiac output and thereby increases pulmonary blood flow. Because NO is a potent vasodilator substance that participates in the regulation of local vascular tone (38), we hypothesized that production of NO in the kidney (in which the blood flow during exercise is decreased) would be diminished during an acute bout of exercise, whereas that in the lung (in which the blood flow during exercise is increased) would be augmented during an acute bout of exercise. Therefore, we investigated the production of NO in the kidneys and in the lungs of rat immediately after exercise. In the present study, the rats performed treadmill running for 45 min at a speed of 25 m/min. Immediately after this exercise, the kidneys and lungs were removed, and expressions of mRNAs and proteins for the three isoforms of NOS (eNOS, nNOS, iNOS), NOS activity, and tissue NOx level in these organs were determined.
METHODS

Animals and protocol.
Fourteen male Wistar rats (7 wk old) were obtained from Clea Japan (Tokyo, Japan) and cared for according to the Guiding Principles for the Care and Use of Animals based on the Helsinki Declaration, 1964. Rats were maintained on a 12:12-h light-dark cycle and received food and water ad libitum. All rats were familiarized with running on a motor-driven treadmill 5 days/wk over a 4-wk period until they were capable of running at a speed of 25 m/min for 45 min at no incline (0% grade). Running time and speed of the treadmill were gradually increased in 4 wk from 10 min at 10 m/min to 45 min at 25 m/min. Systolic arterial pressure and heart rate of the animals were measured with a tail-cuff sphygmomanometer (model PS-100, Riken Kaihatsu, Kanagawa, Japan) on the day before the experiment. Body weight of the animals was also measured on the day before the experiment. On the day of the experiment, rats were randomly divided into two groups. In one group, seven animals ran on a treadmill (0% grade) for 45 min at a speed of 25 m/min (exercise group). Shepherd and Gollnick (43) reported that this intensity (25 m/min) of treadmill running in rats is ϳ78% of maximal oxygen consumption. Furthermore, the present condition of exercise in rats, i.e., intensity at 25 m/min and duration of 45 min, results in a significant redistribution of tissue blood flow, in which blood flow is greatly increased in the active muscles and decreased in the kidney (6, 19, 20, 22) . The other seven animals remained at rest during this 45-min period (control group).
Immediately after removal from the treadmill, animals in the exercise group were anesthetized with diethyl ether. After the animals were anesthetized, a blood sample was collected from the heart, and the lungs and kidneys were quickly removed, rinsed in ice-cold saline, weighed, and frozen in liquid nitrogen. The plasma and tissue samples were stored at Ϫ80°C for determination of plasma epinephrine concentration by radioenzymatic assay, expression levels of mRNA of three isoforms of NOS (eNOS, nNOS, iNOS) by RT-PCR analysis, NOS (eNOS, nNOS, iNOS) protein expression by Western blot analysis, NOS activity, and tissue NOx level. Control animals were killed ϳ24 h after their last bout of exercise, i.e., at the same time point as the exercised rats.
RT-PCR to determine levels of eNOS, nNOS, and iNOS mRNA in the kidneys and lungs. The expressions of eNOS, nNOS, and iNOS mRNA in the kidneys and lungs were analyzed by RT-PCR. The expression of GAPDH mRNA was determined as an internal control. Semiquantitative RT-PCR by using ethidium bromide gels was performed according to the method our laboratory described previously (10, 24, 25) . The quantification of DNA by densitometric values from ethidium bromide gels was according to usual methods (42) . Because the amount of fluorescence is proportional to the mass of DNA, the quantity of each PCR product was estimated by comparing the fluorescent yield of the sample with that of a series of standard DNA (42) .
Total tissue RNA was isolated by acid guanidinium thiocyanate-phenol-chloroform extraction with Isogen (Nippon Gene, Toyama, Japan) according to the method described in our laboratory's previous papers (10, 15, 24, 25) . The tissue was homogenized in Isogen (100 mg tissue/1 ml Isogen) with a Polytron tissue homogenizer (model PT10SK/35, Kinematica, Lucerne, Switzerland). The chloroform extraction, isopropanol precipitation, and 75% (vol/vol) ethanol washing of the precipitated RNA were subsequently performed. The obtained RNA was resolved in pyrocarbonic acid diethyl ester-treated water and treated with DNase I (Takara, Shiga, Japan) and extracted again by Isogen to eliminate the genomic DNA. RNA concentration was determined spectrophotometrically at 260 nm.
Total tissue RNA (10 g) was primed with 0.05 g of oligo(dT) 12-18 and reverse transcribed by avian myelloblastosis virus reverse transcriptase by using a first-strand cDNA synthesis kit (Life Sciences). The reaction was performed at 43°C for 60 min.
The cDNA was diluted in a 1:10 ratio, and 1 l was used for PCR. Each PCR reaction contained 10 mM Tris ⅐ HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl 2, 200 M of each dNTP, 0.5 M of each gene-specific primer, and 0.025 U/l Taq polymerase (Takara, Shiga, Japan). The gene-specific primers were synthesized according to the published cDNA sequences for each of the following: eNOS (12), nNOS (44) , iNOS (7), and GAPDH (46) . The sequences of the oligonucleotides were as follows: eNOS (sense) 5Ј-CTGGCAAGACCGATTACACGAC-3Ј; eNOS (antisense) 5Ј-GTCCTCACCGCCTTTTCCAG-3Ј; nNOS (sense) 5Ј-AATGGAGACCCCCCTGAGAAC-3Ј; nNOS (antisense) 5Ј-TCCAGGAGGGTGTCCACCGC-3Ј; iNOS (sense) 5Ј-GTACATGGGCACCGAGATTG-3Ј; iNOS (antisense) 5Ј-CTACTACTACCAGATCGAGCC-3Ј; GAPDH (sense) 5Ј-GCC-ATCAACGACCCCTTCATTG-3Ј; GAPDH (antisense) 5Ј-TGC-CAGTGAGCTTCCCGTTC-3Ј.
PCR was carried out by using a PCR thermal cycler (model TP-3000, Takara). The cycle profile included denaturation for 15 s at 94°C, annealing for each suitable time at each suitable temperature, and extension for each suitable time at 72°C. The annealing time and temperature were set as follows: 15 s at 66°C for eNOS, 30 s at 62°C for nNOS, 15 s at 65°C for iNOS, and 15 s at 58°C for GAPDH. The extension time was set as follows: 30 s for eNOS and GAPDH and 45 s for nNOS and iNOS. The reaction cycles of PCR were performed in the range that demonstrated a linear correlation between the amount of cDNA and the yield of PCR products. PCR products were found to be of the expected size, as shown by 1.8% agarose gel electrophoresis for eNOS and 1.2% agarose gel electrophoresis for nNOS, iNOS, and GAPDH. In addition, the specificity of the amplified sequences was confirmed by restriction enzyme analysis and DNA sequencing. The DNA sequence of each amplicon was perfectly matched to each published sequence.
Semiquantitative analysis of PCR products. The amplified PCR products were electrophoresed on 1.8 or 1.2% agarose gels, stained with ethidium bromide, visualized by an ultraviolet transilluminator, and photographed. The photographs were scanned by CanoScan 600 (Canon, Tokyo, Japan), and quantification was performed by computer with MacBAS software (Fuji Film, Tokyo, Japan). The cDNA for the verification of the semiquantitative PCR analysis was prepared from each gene PCR product of rat cDNA. Each PCR product was purified, quantified, and used as positive-control cDNA. Each PCR product concentration was calculated by assuming that the mass of a nucleotide pair in DNA is 660 Da (41) . The copy numbers were used to estimate the mass of sample DNA, the molecular weight of PCR product, and Avogadro's constant (6.02 ϫ 10 23 ). We performed semiquantitative PCR analysis to evaluate the expression level of eNOS, nNOS, iNOS, and GAPDH mRNA. To demonstrate that our semiquantitative PCR strategy was valid, serial dilutions of the each positive-control cDNA were amplified by PCR and quantified by scanner. When each RT-PCR analysis was independently performed in triplicate for each isozyme and each rat, similar results were obtained from these experiments. PCR reactions with no cDNA were carried out, and no amplicon was detected in each experiment.
Electrophoresis and immunoblot analysis for measurement of eNOS, nNOS, and iNOS proteins in the kidneys and lungs.
Kidney and lung microsomes were denatured by boiling for 5 min with SDS sample buffer (62.5 mM Tris ⅐ HCl buffer, pH 6.8, containing 25% glycerol and 2% SDS). Protein concentrations were determined by the bicinchoninic acid protein assay reagents (Piece, Rockford, IL) with BSA as a standard. The samples were followed by heat denatureation at 96°C for 5 min with ␤-mercaptoethanol. Western blot analysis was performed according to the method our laboratory described previously (10) . Briefly, each microsomal preparation was separated on a SDS-polyacrylamide gel (8%) and then transferred to polyvinylidene difluoride (Millipore, Tokyo, Japan) membranes at 1 mA/cm 2 for 120 min. The membrane was then treated with a blocking buffer of 5% skim milk in PBS containing 0.05% Tween 20 (PBS-T) for 12 h at 4°C. The membrane was probed with monoclonal anti-eNOS, -nNOS, and -iNOS antibodies (Trasduction Laboratories, Lexington, KY; eNOS 1:2,500, nNOS 1:1,000, and iNOS 1:1,000 dilutions with blocking buffer) for 1 h at room temperature and washed five times with PBS-T and then incubated with anti-mouse immunoglobulin antibody, a horseradish peroxidase-conjugated F(abЈ)2 fragment from sheep (Amersham Life Science, Buckinghamshire, UK; eNOS, nNOS, and iNOS 1:2,500 dilutions with blocking buffer) for 1 h at room temperature. After this reaction, the membrane was washed six times with PBS-T. Finally, eNOS, nNOS, and iNOS were detected by ECL system (Amersham Life Science) and exposed to Hyper film (Amersham Life Science).
Measurement of NOS activity in kidneys and lungs. NOS activity was determined by the method of Knowles et al. (13) with a minor modification. Incubation mixtures (0.1 ml) consisted of kidney sample (300-400 g of protein) or lung sample (300-400 g of protein), 50 mM valine (an inhibitor for arginine), 1 mM citrulline, 20 mM HEPES (pH 7.4), and complete medium {20 nM [2,3- 3 H]arginine, 50 M arginine, 100 M NADPH, 10 M (6R)-5,6,7,8-tetrahydro-L-biopterin}. When calcium-dependent NOS [i.e., constitutive NOS (cNOS)] activity was assayed, 2 mM CaCl 2 and 1 g of calmodulin were added to the complete medium. When the calcium-independent NOS (i.e., iNOS) activity was assayed, 1.2 mM EDTA and 1 mM EGTA were added to the complete medium. After the sample solution (sample, valine, citrulline, HEPES) was preincubated at 37°C for 5 min, reactions were initiated by addition of the complete medium. Incubation was carried out at 37°C for 10 min; under these conditions, NO production determined by citrulline formation was found to be linear with time and protein concentration. Citrulline formation was determined as described previously (17) . Briefly, reaction was terminated by the addition of 10 l of 20% perchloric acid. After each mixture was centrifuged at 10,000 g for 5 min, a portion (80 l) of the supernatant was added to 2 ml of cold stop buffer [20 mM sodium acetate buffer (pH 5.5), 1 mM citrulline, 2 mM EDTA, 0.2 mM EGTA], and a portion (2 ml) of the mixture was applied to a column packed with AG50W-X8 resin (1 ml, Bio-Rad Laboratories), which had been extensively equilibrated with the stop buffer, and then the column was washed with 2 ml of water. A sample (1 ml) of the collected eluent was mixed with 5 ml of the scintillation cocktail, and radioactivity was determined by using a Beckman LS-600 scintillation counter.
Measurement of NOx level in kidneys and lungs. NOx level was determined according to the method described by Green et al. (8) with a minor modification. The tissues of the lungs and kidneys were homogenized with two volumes of 50 mM Tris ⅐ HCl (pH 7.4, 4°C), 0.1 mM EDTA, 0.1 mM EGTA, 0.5 mM dithiothreitol, 1 M pepstatin A, 2 M leupeptin, and 1 mM phenylmethylsulfonyl fluoride on ice with a Teflon homogenizer. The homogenate was centrifuged at 9,000 g for 20 min at 4°C, and the supernantant obtained was centrifuged at 105,000 g for 60 min at 4°C. The resulting soluble fraction was stored at Ϫ80°C until the NOS activity and NOx assay, and the pellet (microsomal fraction) was frozen under liquid nitrogen and stored at Ϫ80°C until the NOS protein assay.
For determination of NOx level, 80 l of each sample were incubated for 60 min at 25°C in a 270-l incubation mixture containing 140 l of 125 mM KPi (pH 7.5), 10 l of 87.5 M FAD, 10 l of 3.5 mM NADPH, 90 l of distilled water (DW), and 20 l nitrate reductase (1.75 U/ml; Sigma Chemical, St. Louis, MO). The reaction was initiated by addition of the nitrate reductase to convert nitrite to nitrate. The reaction was terminated by addition of 0.8 ml of Griess reagent and 0.45 ml of DW. After each mixture was centrifuged at 14,000 g for 5 min, the supernatants obtained were determined spectrophotometrically at 542 nm.
Measurement of plasma epinephrine concentration. Plasma epinephrine concentration was measured by using a radioenzymatic assay based on the method of Peuler and Johnson (37) . Plasma samples from each animal were determined in triplicate. The plasma epinephrine values in triplicate were averaged for each rat.
Statistics. Values are expressed as means Ϯ SE. To evaluate differences between the control group and the exercised group, Student's t-test for unpaired values was used. P Ͻ 0.05 was accepted as significant.
RESULTS
There were no significant differences between the control and the exercise rats in systolic arterial pressure (125 Ϯ 3 vs. 122 Ϯ 3 mmHg) or heart rate (379 Ϯ 16 vs. 382 Ϯ 7 beats/min) on the day before the animals were killed. There was no significant difference in body weight between the two groups (329 Ϯ 6 vs. 334 Ϯ 7 g). Neither the kidney wet weight nor the lung wet weight differed significantly between the two groups ( Table 1) . The kidney and lung weight mass indexes for body weight did not differ between the two groups ( Table 1) .
Immediately after the 45-min exercise or rest period, the plasma concentration of epinephrine was significantly greater in the exercise group than in the control group (Table 1) . Thus the plasma epinephrine concentration was increased by the acute exercise.
To semiquantitatively determine alterations in gene expression of NOS isozymes by exercise, the relationship between the amount of cDNA and the yield of PCR products was examined. There was a linear correlation between the initial amount of GAPDH cDNA and the yield of PCR products (r ϭ 0.999). In the cases of eNOS, nNOS, and iNOS, the yield of PCR products was also in proportion to the initial amount of cDNA (r ϭ 0.996, 0.997, and 0.999, respectively). These relationships in control rats were similar to those in exercise rats.
Under these conditions, the expression of eNOS mRNA in the kidneys was markedly lower in the exercise rats than in the control rats (Fig. 1A) . However, neither the expression of nNOS mRNA nor iNOS mRNA in the kidneys differed significantly between the two groups (Fig. 1, B and C) . In the lungs, the expression of eNOS mRNA was significantly higher in the exercise rats than in the control rats ( Fig. 2A) . However, neither the expression of nNOS mRNA nor Values are means Ϯ SE; n, no. of rats. NS, not significant. Fig. 1 . Expression of endothelial nitric oxide synthase (eNOS) mRNA (A), neuronal nitric oxide synthase (nNOS) mRNA (B), and inducible nitric oxide synthase (iNOS) mRNA (C) in the kidneys of exercised (n ϭ 7) and control rats (n ϭ 7). Top: typical examples of the RT-PCR analysis are shown for the levels of eNOS, nNOS, iNOS, and GAPDH mRNA. We studied the expression of GAPDH mRNA as an internal control. Bottom: results of the statistical analysis of the levels of expressions of eNOS, nNOS, and iNOS mRNA by a densitometer. Photos of PCR products were scanned by densitometer, and eNOS mRNA-, nNOS mRNA-, and iNOS mRNA-to-GAPDH mRNA ratios were calculated. Thus the values of expressions of eNOS, nNOS, and iNOS mRNA were normalized by that of GAPDH mRNA. Data are means Ϯ SE. NS, not significant.
iNOS mRNA in the lungs differed significantly between the two groups (Fig. 2, B and C) . The changes in expression of nonnormalized eNOS, nNOS, and iNOS mRNA by GAPDH mRNA in the kidneys and lungs were similar to normalized mRNA expression by GAPDH mRNA. These findings suggest that the isozyme-specific down-or upregulation of NOS mRNA in internal organs was caused by exercise. Figure 3 shows the representive film of immunoblotting for eNOS, nNOS, and iNOS protein expression in the kidneys with or without acute exercise. The expression level of eNOS protein in the kidneys was lower in the exercise group than in the control group (Fig. 3) . On the other hand, neither the expression of nNOS protein nor iNOS protein in the kidneys differed between the two groups (Fig. 3) . Figure 4 shows the representive film of immunoblotting for eNOS, nNOS, and iNOS protein expression in the lungs with or without acute exercise. The expression level of eNOS Fig. 2 . Expression of eNOS mRNA (A), nNOS mRNA (B), and iNOS mRNA (C) in the lungs of exercised (n ϭ 7) and control rats (n ϭ 7). Top: typical examples of the RT-PCR analysis are shown for the levels of eNOS, nNOS, iNOS, and GAPDH mRNA. We studied the expression of GAPDH mRNA as an internal control. Bottom: results of the statistical analysis of the levels of expressions of eNOS, nNOS, and iNOS mRNA by a densitometer. Photos of the PCR products were scanned by densitometer, and eNOS mRNA-, nNOS mRNA-, and iNOS mRNA-to-GAPDH mRNA ratios were calculated. Thus the values of expressions of eNOS, nNOS, and iNOS mRNA were normalized by that of GAPDH mRNA. Data are means Ϯ SE. protein in the lungs was higher in the exercise group than in the control group (Fig. 4) . On the other hand, neither the expression of nNOS protein nor iNOS protein in the lungs differed between the two groups (Fig.  4) . These findings suggest that change in eNOS mRNA expression is accompanied with change in eNOS protein expression in the rats after exercise. Figure 5 shows the NOS activity in the kidney in rats with or without exercise. NOS activity in the kidneys was significantly lower in the exercise group than in the control group (Fig. 5A) . The cNOS activity in the kidney was significantly lower in the exercise group than in the control group (Fig. 5B) , whereas iNOS activity in the kidney did not differ significantly between the two groups (Fig. 5C ). Figure 6 shows NOS activity in the lung in rats with or without exercise. NOS activity in the lung was significantly higher in the exercise group than in the control group (Fig.  6A) . The cNOS activity in the lung was significantly higher in the exercise group than in the control group (Fig. 6B) , whereas iNOS activity in the lung did not differ significantly between the two groups (Fig. 6C) .
NOx level in the kidneys after acute exercise was markedly lower in exercise rats than in control rats, whereas NOx level in the lungs was significantly higher in exercise rats than in control rats (Fig. 7) . Taken together, these findings suggest that the production of NO was tissue-specifically changed in the kidneys and lungs by acute exercise. , and iNOS activity (C) in the kidneys of exercised (n ϭ 7) and control rats (n ϭ 7). Data are means Ϯ SE. Fig. 6 . NOS activity (A), cNOS activity (B), and iNOS activity (C) in the lungs of exercised (n ϭ 7) and control rats (n ϭ 7). Data are means Ϯ SE.
DISCUSSION
In the present study, we determined NO production in the kidneys and lungs of rats after acute exercise. Expression of eNOS mRNA in the kidneys was markedly lower in exercise rats than in control rats, whereas, in the lungs, it was significantly higher in exercise rats than in control rats. Western blot analysis confirmed down-and upregulation of eNOS protein in the kidney and lung, respectively, after exercise. Furthermore, NOS activity in the kidneys was significantly lower in exercise rats than in control rats, whereas NOS activity in the lung was significantly higher in exercise rats than in control rats. Tissue NOx levels in the kidneys were also markedly lower in exercise rats, whereas tissue NOx levels in the lungs were significantly higher in exercise rats. The present results show for the first time that production of NO is markedly changed tissue specifically in the kidneys and lungs by exercise.
The only known source of endogenous NOx in mammalian tissues is considered to be generated through the conversion of L-arginine to L-citrulline by NOS. NO is easily oxidized to nitrite, which is then converted to nitrate, when it reacts with hemoglobin (32) . In this study, we examined the tissue level of NOx to estimate NO production after exercise. Tissue NOx level in the kidneys was markedly lower in exercise rats than in control rats, whereas, in the lungs, it was significantly higher in exercise rats than in control rats. There are three isozymes of NOS, consisting of eNOS, nNOS, and iNOS. In the present study, the levels of eNOS mRNA and eNOS protein in the kidneys were markedly lower in exercise rats than in control rats, whereas those levels in the lungs were significantly higher in exercise rats than in control rats. On the other hand, neither the levels of nNOS mRNA and nNOS protein nor iNOS mRNA and iNOS protein in the kidneys and lungs differed between the two groups. Furthermore, NOS activity in the kidneys was significantly lower in exercise rats than in control rats, whereas NOS activity in the lungs was significantly higher in exercise rats than in control rats. The cNOS activity in the kidneys was also significantly lower in exercise rats than in control rats, whereas, in the lungs, it was significantly higher in exercise rats than in control rats. On the other hand, iNOS activity in the kidneys and lungs did not differ significantly between the two groups. We therefore suspect that the change of NOS activity in the kidneys and lungs induced by exercise is attributed to a change of eNOS activity. Taken together, it is considered that the change of NOx level in the kidneys and lungs induced by exercise is attributed to a change of eNOS level, which was also accompanied with a similar change of eNOS activity.
It has been reported that hemodynamic shear stress increases production of NO from the vascular endothelium (3, 18, 27, 40) . Exercise results in a marked decrease in renal blood flow, an increase in cardiac output, and, hence, a great increase in pulmonary blood flow. The different alterations in blood flow between the kidney and lung by exercise might cause a difference in the levels of shear stress on vascular endothelial cells of the kidney and lung. Therefore, it is possible that a difference in the level of shear stress on vascular endothelial cells between the kidney and lung causes the difference in NO production. It has been shown that, without increases in sympathetic activity, little reduction in renal blood flow occurs during exercise (28) . In the kidney, the reduced NO production could likely amplify the reductions in blood flow induced by the increases in sympathetic tone.
Blockade of basal NO synthesis can potentiate responses to sympathetic nerve stimulation (23) . Therefore, it is considered that interaction exists between the NO system and the sympathetic nervous system. In the present study, NO production in the kidneys was significantly decreased by acute exercise. Therefore, in blood vessels in the kidneys, it is possible that the decrease in NO production potentiates sympathetic nervous system-induced vasoconstriction. Because exercise results in a marked decrease in renal blood flow, the decrease in NO in the kidneys may cause vasoconstriction through depression of its vasodilative action and/or by enhancing the vasoconstriction to sympathetic nerve stimulation. Thus such a decrease in NO in the kidneys would contribute to maximize the de- crease in blood flow in the kidneys, thereby contributing to the redistribution of blood flow during exercise. On the other hand, several studies have shown that the production of NO is considered to be regulated by several endogenous substances. ET-1 is a potent vasoconstrictor peptide produced by vascular endothelial cells (39, 48) . It has also been reported that ET-1 inhibits NOS activity in vascular smooth muscle cells (11) . In our laboratory's previous study, expression of ET-1 mRNA in the kidneys was markedly increased after exercise (24) . Therefore, it is possible that the increase in ET-1 production in the kidney by exercise (24) partly contributes to a tissue-specific reduction in NO production by directly inhibiting NOS activity in the kidney after exercise, as was observed in the present study. Furthermore, it has been reported that NO inhibits the production of ET-1 in vascular endothelium (39) . Therefore, it is also possible that the increase in ET-1 production in the kidney by exercise (24) is partly attributed to a tissue-specific reduction in NO production in the kidney after exercise, as was observed in the present study. Taken together, during exercise, there may be interactions among NO, sympathetic nervous system, and endothelium-derived vasoconstricting factors, such as ET-1, in the regulation of blood flow in the internal organs. However, the precise physiological interactions of those factors during exercise remain to be elucidated.
Exercise causes a marked decrease in renal blood flow (6, 19, 20, 22, 45) . The exercise-induced decrease in renal blood flow results in a below normal physiological condition in the kidney (6, 19, 20, 22, 45) . In the present study, it is possible that blood flow is decreased in the kidney below normal physiological condition. In this condition in the present study, expression of eNOS mRNA in the kidney was markedly lower in exercise rats than in control rats. Therefore, it is considered that expression of eNOS mRNA is decreased in the kidneys, when renal blood flow decreases and shear stress falls way below normal physiological condition. Indeed, hemodynamic shear stress appears to affect the production of endothelium-derived vasoconstrictive substances because it has been reported that low levels of shear stress stimulate and higher levels of shear stress depress production of ET-1, an endotheliumderived vasoconstrictor, in cultured vascular endothelial cells (16) .
The present study has the following study limitations. First, all rats (control and exercise rats) were familiarized with running on a treadmill over a 4-wk period. Delp and Laughlin (4) reported that the expression of eNOS protein in aorta increased with 4-to 10-wk trained exercise rats. In the present study, rats have performed a 4-wk exercise training program; therefore, NO production results could be different if the entire untrained rat group had been used, i.e., the response to exercise may depend highly on training status. However, because both control and exercise rats performed the same exercise training (familiarization to treadmill running), it is considered that the alterations of NO production in the kidneys and lungs in the present study were caused at least by acute exercise but not by exercise training. Second, exercise results in a significant redistribution of tissue blood flow, in which the blood flow is greatly increased in the working muscle and decreased in splanchnic circulation (1, 5, 6, 19, 20, 22, 30, 31, 33, 47) . On the other hand, it is generally accepted that the brain shows no change in blood flow during exercise. Although the brain is control tissue and the working muscles are positive control tissues relating to changes in blood flow during exercise, we did not investigate the production of NO in these tissues. Therefore, it is unclear whether exercise affects the production of NO in these tissues. Third, the lungs exhibit one-eighth the resistance of systemic circulation and increase blood flow mainly through capillary recruitment and distension. It is unclear how much the resistance in the lungs get lower with increased NO production during exercise. Further studies are needed to determine whether application of L-NMMA/L-NAME affects the exercise-induced change in pulmonary blood flow.
In summary, we have demonstrated for the first time that the expression of eNOS mRNA in the kidneys was markedly lower in exercise rats than in control rats, whereas, in the lungs, it was significantly higher in exercise rats than in control rats. Western blot analysis confirmed down-and upregulation of eNOS protein in the kidney and lung, respectively, after exercise. Furthermore, NOS activity in the kidneys was significantly lower in exercise rats than in control rats, whereas NOS activity in the lung was significantly higher in exercise rats than in control rats. We also demonstrated for the first time that the tissue NOx level in the kidneys was markedly lower in exercise rats, whereas, in the lungs, it was significantly higher in exercise rats. These findings suggest that production of NO is markedly and tissue-specifically changed in the kidneys and lungs by acute exercise.
